Microalgae have long been considered promising microorganisms, due to their potential as a source of valuable pharmaceuticals, pigments, carbohydrates, biofuels, and other fine chemicals. High-density microalgal photobioreactors have been considered for exploiting the biotechnological potential of microalgae. Haematococcus lacustris is considered the richest natural source of astaxanthin for pharmaceutical, nutraceutical, and cosmetic applications. One of key challenges was to provide light sources that are more efficient, to deliver light more efficiently to the microalgal culture. Recent developments in highly efficient light-emitting diodes (LEDs) have made possible the development of LED-based photobioreactors (PBR). We investigated the effects of various LEDs on the growth and astaxanthin production from Haematococcus lacustris. The mixture of red and blue was found to be the most effective light source for growing this microalga. Different wavelength mixing ratios of red and blue were also investigated. The ratio of mixed red-blue of 1:3 showed the best growth and astaxanthin accumulation from Haematococcus lacustris. The maximum biomass and astaxanthin production with illumination by mixed red-blue LEDs at a ratio of 1:3 obtained was 2.3 g/L and 55.1 mg/L, respectively. Biomass and astaxanthin were enhanced by a maximum of 3.28 g/L and 84.12 mg/L, with the mixed red-blue illumination in the ratio 1:3 at high light intensity 160 µE · m -2 · s -1 .
Microalgae have been suggested as good candidates for fuel production because of specific advantages they possess such as higher photosynthetic efficiency, higher biomass production and faster growth when compared with other energy crops 1 . Microalgae have been considered as great promising microorganism due to its potential as a source of valuable pharmaceuticals, pigments, carbohydrates, biofuels and other fine chemicals. Haematococcus lacustris is green microalga, considered as the best potential source of astaxanthin. Astaxanthin (3,3'-dihydroxy-β, β-carotene-4,4'-dione) is a high value carotenoid pigment with potential applications in various fields, including cosmetics, nutraceuticals, and the food and feed industries 2 . The potent antioxidant properties of astaxanthin have been implicated in various biological activities, demonstrated in both experimental animals and clinical studies. It has both considerable potential and promising applications in human health and nutrition 3 . This photosynthetic microorganism requires different culture conditions for vegetative growth and astaxanthin production; astaxanthin accumulates inside Haematococcus cell bodies during the transformation of green vegetative cells to red cyst cells under unfavorable environments 4 . Many induction methods, such as nitrogen starvation, exposure to intense light, excess acetate addition, salt stress, and the addition of specific cell division inhibitors, have been developed for transforming green cells to red cysts with high astaxanthin content 5 . Accordingly, the biotechnological exploitation for growth and astaxanthin production potential of microalga requires exploration.
The most relevant environmental factors that affect the growth of microalgae include light, temperature, pH, salinity, nutrients' qualitative and quantitative profiles, and dissolved oxygen, and the levels of heavy metals or synthetic organics 6 . Microalgal growth can be affected by reactor operation conditions such as hydraulic residence time, harvesting rates, gas transfer, and mixing equipment, because these factors affect CO 2 availability, shear rates, and light exposure 6 . However, although work suggests that nitrogen is a critical factor, it does not work alone, but interacts with other factors such as the light intensity to affect the overall astaxanthin production. The effect of light intensity on astaxanthin production can be largely altered by the algal density in the culture, as the latter affects the light availability for individual cells under a given incident light intensity 7 . The light regime inside a cultivation system must be considered in the design and scaling-up of photobioreactors, because light energy is a growth limiting substrate. Two properties of light energy are important for astaxanthin accumulation: Light intensity and spectral quality 8 . A high light intensity causes relatively large quantities of astaxanthin to accumulate in Haematococcus cells. Spectral quality is defined by the absorption spectrum for chlorophylls and other photosynthetically active pigments (such as astaxanthin and carotenoids) 9 ; supplying a specific wavelength of light will enhance astaxanthin production. Light emitting diodes (LEDs) have recently been recognized as effective light sources and low cost energy sources for microalgae cultivation 10 . For these reasons, it is important to develop general knowledge in this field, with an emphasis on the effects of light emitting diodes.
In the present study, the growth and astaxanthin accumulation of Haematococcus lacustris was examined for various light sources. A mixture of red and blue was found to be the most effective light source for growing this microalga, and different wavelength mixing ratios of red and blue were investigated. A 1:3 ratio of mixed red-blue light was found to be the most efficient for growth and astaxanthin production in Haematococcus lacustris. Herein, Haematococcus lacustris biomass was observed as a potential source of astaxanthin production when cultured using light emitting diodes.
MATERIALS AND METHODS

Microalgal strain and culture systems
Haematococcus lacustris was purchased from the Culture Collection of Alga at the University of Texas at Austin. It was cultivated photoautotrophically in the OHM medium, which consisted of (g/L) KNO 3 11 . Flask photobioreactors were made of Duran glass, and air that had been sterilized by filtering through glass fiber was passed into the flasks 12 . Fluorescent lamps were used as a light source for the seed culture, and the cultivations were maintained at 25 °C.
Biomass estimation
Aliquots of the culture suspension were harvested via centrifugation at 5,000 rpm for 10 minutes, after which the cells were washed twice with distilled water. The dry weight of the algal cells was then measured by pipetting the washed cell suspension onto pre-weighed Nylon filters (Model R04SP0470S, GE Osmonics Labstore, Minnetonka, MN, USA). After applying a vacuum from a small compressor for 5 minutes, the liquid component of the samples had been substantially removed, leaving the cell pellet. The filter and cell pellet were then placed in the drying oven and dried to constant weight by heating at 80 °C for 24 hours. The filters were then allowed to cool to room temperature in a desiccator and reweighed, after which the dry weight of the algal biomass was determined gravimetrically as the difference between the weight of the filter before and after use; growth was expressed in terms of dry weight (g/L) 13 .
Astaxanthin measurement
The astaxanthin concentration was analyzed using a spectrophotometer after acetone extraction together with bead-beating using a cell disruptor. The extraction was centrifuged at 13,000 rpm for 10 minutes, determined by the spectrophotometer at OD 474 , and calculated using calibration curves. The astaxanthin standard (Sigma-Aldrich Co. Ltd, U.S.A.) was used for calibration. The level of astaxanthin production (mg/L) (C A ) was calculated using the following equation 
RESULTS AND DISCUSSION
Effects of different kinds of LEDs on the growth and astaxanthin production
In this study, we took steps to determine whether growth and astanxanthin production were affected by wavelength. We used the same experimental setting, except using different light sources such as fluorescent lighting, red, blue, and mixed red-blue LEDs. LEDs were used because it is possible to control their wavelengths precisely. Blue light (wavelength range 400-505 nm, with a peak at 447 nm) and red light (wavelength range 595-700 nm, with a peak at 656 nm) were used 14 . Fluorescent light was used as the control. As shown in Figure 1 , the emission spectra of these light sources are very distinctive from one another. The cultures were illuminated at the same total light intensity (40 µE · m -2 · s -1 ), and the pre-culture of H. lacustris was mixed in OHM medium in a 500 mL Duran flask, with a working volume of 350 mL. Inorganic carbon for microalgae growth was supplied at 1 vvm (aeration volume/medium working volume/minute) using an air pump and air sparger. The schematic diagram of the experimental setup is shown in Figure 2 . As seen in Figure 3 , the mixed-blue LED setup was found to be the most effective for growth of the microalga. The maximum biomass obtained with mixed red-blue illumination was 1.48 g/L, followed by blue, red, and fluorescent light at 1.36, 1.06, and 0.96 g/L, respectively. Compared with monochromatic light, the growth and astaxanthin production of H. lacustris using mixed red-blue LEDs were substantially higher. These results indicate that mixed LEDs are more favorable and effective for biomass and astaxanthin production in H. lacustris.
Effects of different mixture ratios of red and blue lights on growth and astaxanthin production
To evaluate the growth and astanxanthin production by wavelength mixing ratio based on light intensity, blue light (400-505 nm, with a peak at 447 nm) and red light (595-700 nm, with a peak at 656nm) were used 14 . The evaluated mixing ratios of red and blue light are presented in Table 1 . The batches were cultured for 18 days, and all other operating conditions were the same as the previous experiment. As seen in Figure 4 , a 1:3 mixture of red and blue light was found to be the most effective for growth and astaxanthin production in this microalga. The maximum biomass of 2.3 g/L was obtained with illumination by mixed red-blue light at a ratio of 1:3, followed by the ratios of 2:2 and 3:1, which yielded 2.08 and 1.76 g/L, respectively (Figure 4) . The biomass production rate of ratio 1:3 light was approximately 10 and 20% higher than ratios 2:2 and 3.1, respectively. Confirmed results were observed in the level of astaxanthin production.
The maximum astaxanthin levels of mixed redblue light (ratio 1:3) was 55.1 mg/L at day 18, 50.3 mg/L for ratio 2:2 light, and 36.3 mg/L for ratio 3:1 light, respectively ( Figure 4 ). Ruyters reported that sufficient red and blue light should be provided for the adequate photosynthesis of microalgae and plants 15 . In this study, photosynthetic efficiency increased by selectively and simultaneously providing both red and blue light, which provided the necessary wavelength ranges for photosynthesis. Thereby, the biomass and astaxanthin production rates were higher than for only red light, only blue light, or fluorescent light.
Effects of shifting the wavelength and initial light intensity of mixed red-blue LEDs on growth and astaxanthin production
To examine the effect of light intensity and wavelength of blue, red and mixed red-blue light on growth and astaxanthin production further, H. lacustris cells were cultured under various 16, 17, 18 . The flat panel photobioreactor used in this experiment is a transparent vessel (made of glass) in which mixing is carried out directly in the reactor via air sparging. This photobioreactor was made with height 60 cm, width 45 cm, and thickness 8 cm, and its total working volume is 20 L. In this kind of photobioreactor, light dilution is obtained by applying a larger specific surface and self-shading to the panels. In this manner, it is possible to achieve higher photosynthetic efficiency. It was experimentally characterized for developing scalable industrial photobioreactors with LED illumination. The schematic diagrams of the flat panel photobioreactor are described in Figure 6 . H. lacustris cells were cultured in flat panel photobioreactors under mixed red-blue illumination (at a ratio of 1:3) and a fluorescent light was used as a control at the same light intensity (40 µE · m -2 · s -1 ). As seen in Figure 7 , the biomass and astaxanthin production under the illumination of mixed red-blue light (1.6 g/L and 36.44 mg/L, respectively) was higher than for fluorescent light (1.32 g/L and 28.45 mg/L, respectively). It was confirmed that LEDs can improve the quality and quantity of microalgal biomass and their integration into microalgal production systems (photobioreactors) should be considered. 
